Summary
a quaternary ammonium, is the preservative currently used the most in ophthalmology. Adverse effects of BAC are important because BAC turnover is very slow, and quaternary ammonium molecules can remain in ocular tissue from 48 hours up to 7 days after a simple drop administration (Champeau and edellhauser, 1998; Green et al., 1987) . BAC has been known for decades to be toxic (Burstein 1980 (Burstein , 1985 De Saint Jean et al., 1999) . Many in vivo and in vitro studies have shown its toxicity on conjunctival and corneal cells (Debbasch et al., 2001; Grant et al., 1996; Green et al., 1987; Saarinen-Savolainen et al., 1998; takahashi, 1982; tripathi et al., 1992) , in particular its necrotic and apoptotic effects (Debbasch et al., 2000; Geerling et al., 2001) . BAC has been demonstrated to be responsible for reactive oxygen species overproduction and high P2x7 receptor activation, which could explain fluoroquinolone eye drop intolerance (Dutot et al., 2006) . Finally, new markers have been developed to detect early toxic damage from BAC treatment (Pauly et al., 2009) . For all these reasons, BAC qualifies as a positive control for cytotoxicity studies (Mowrey-McKee et al., 2002) .
In recent years, new quaternary ammoniums have been developed, such as polidronium chloride (Polyquad ® ), which is
Introduction
Many contact lens wearers experience various ocular problems, and they use a wide array of multipurpose solutions for contact lens disinfection. these solutions have to perform disinfection and rinse the contact lens without inducing tolerance problems. Although topically administered ocular solutions are used with apparent safety and good tolerance, there is growing evidence that long-term use of these products damages conjunctival and corneal epithelial cells. So, over the years, contact lens wear has been associated with numerous adverse ocular reactions (Chang et al., 1999; ladage et al., 2001) . Of these, microbial keratitis is the most devastating, as it can lead to permanent vision loss (Bourcier et al., 2003) .
Multipurpose disinfecting contact lens solutions, which are medical devices (class 2b), consist of a single solution for disinfecting, rinsing, and storing the lenses. like many medical preparations, these solutions contain preservatives known to cause severe side effects to the ocular surface. Preservatives are absolutely necessary in multipurpose solutions, as they are the active ingredients of these solutions. Benzalkonium chloride (BAC), present in some contact lens solutions. Other preservatives, such as PHMB (polyhexamethylenebiguanide), polymers of biguanide, are frequently used in contact lens solutions. Unlike for quaternary ammonium, the ocular toxicity induced by these preservatives is relatively unknown.
For many years, numerous lens care solutions have been tested according to different in vivo and in vitro experimental protocols. Results demonstrated that these products may cause more or less important adverse effects depending on the formula of the product (Begley et al., 1994; Dutot et al., 2008a; lebow and Schachet, 2003; li et al., 2003; Mowrey-McKee et al., 2002; Santodomingo-Rubido et al., 2006; tchao et al., 2002; Wright and Mowrey-McKee, 2005) . Furthermore, repeated applications of preserved eye drops may lead to cumulative damage.
evaluation of in vitro toxicity of lens care solutions is required because of its potential predictive value for ocular irritation in humans. ISO 10993-5 standard (International Organisation for Standardization), is the medical device biocompatibility assessment standard that evaluates cytotoxicity induced by medical devices such as contact lens solutions. It is a good basis for evaluating the tolerance of these products, but experimental procedures provided in this standard are not adapted to ocular solutions. It is necessary to add some minor corrections to fit the current use of contact lens care solutions. the cells used in ISO 10993-5 standard protocols are mammalian cells but not human cells, the contact duration is often very long, from 24 hours to 6 days, and the product being tested for cytotoxicity is diluted. the real use of contact lens care solutions is different, since neat solutions are in direct contact with human cells during a short contact time. Consequently, some solutions available on the market have passed ISO 10993-5 standard but still can be potentially toxic for the ocular surface. therefore, an alternative care regimen is needed to prevent toxic contact lens solutions from reaching the ocular surface.
The first aim of this study is to set up experimental procedures adapted to the use of contact lens care solutions: neat solution, short incubation time, cells of human origin. this experimental protocol must be sensitive, simple, and fast; it also must give reproducible results. In terms of screening this method also has to give information quickly and avoid important variability in the data that occurs with in vivo studies such as the Draize test on rabbits (Claydon and efron, 1994; Gower et al., 1994) . Interlaboratory assays were performed to estimate the reproducibility of the data and to choose the protocol that is best adapted to discriminate among products. experimental procedures were set up using BAC as positive control, and six marketed soft contact lens care solutions were tested in two French research centers' laboratories.
The second aim is to evaluate the efficacy of a contact lens rinse with unpreserved saline solutions to limit the side effects of contact lens solutions.
these new methods should be integrated within the standardization framework to be useful for manufacturers who want to implement and develop new multipurpose contact lens solutions.
Materials and methods

Cell culture
Wong-Kilbourne-derived human conjunctival epithelial cells (established cell line Wong-Kilbourne derivative of Chang conjunctiva, clone 1-5c-4, American type Culture Collection: AtCC-CCl-20.2) and human corneal epithelial cells (HCe cell line, Riken Cell Bank RCB1384) were cultured under standard conditions (5% CO2, 95% humidified air, 37°C) in Dulbecco's minimum essential medium for WKD cells and in DMeM:HAM F12 (50:50) for HCe cells (Gibco, Villebon sur Yvette, France). Medium was supplemented with Glutamax or glutamine and with 10% fetal bovine serum (Gibco). Cells from passages 15 through 30 (after AtCC initial passage 65) were used in all experiments. Normal culture development was assessed daily by phase-contrast microscopy.
Confluent cultures were removed by trypsin incubation and cells were counted. they were then seeded into 96-well culture microplates (Corning, Schiphol, the Netherlands) at 18,000 cells per well (90,000 cells/ml; 200 µl/well). Cultures were kept at 37°C for 24 h prior to any exposure to test solution to let the cells attach to the bottom of the microplate and reach sub-confluence.
Experimental procedures to adapt ISO 10993-5 standard
to ocular cytotoxicity potential assessment: application to contact lens care solutions this study was conducted in two laboratories. For all incubations, three independent assays were performed. Incubations: When conjunctival cells reached approximately 80% confluence, culture medium was removed and the cells were exposed to four concentrations (0.0005%; 0.001%; 0.003%; and 0.005%) of benzalkonium chloride (BAC, SigmaAldrich, Saint-Quentin Fallavier, France; CAS 63449-41-2, B6295, Batch036K0208). these solutions were prepared in phosphate buffered saline (PBS, Gibco).
Six marketed contact lens multipurpose solutions were tested: one quaternary ammonium solution, Opti-free express ® (Alcon, Fort Worth, USA) containing Polyquad ® (polidronium chloride) 0.001% and Aldox ® (myristamidopropyldimethylamine) 0.0005%, four PHMB solutions, Boston Simplus ® (Bausch&lomb, Kingston, UK), l'éphémère (Ciba Vision, Duluth, USA), Menicare (Menicon Pharma, France), Renu MPS ® (Bausch&lomb, Kingston, UK), and one Oxychlorite™ system, Regard (Horus Pharma, France). each bottle was divided into two equal volumes in sterile bottles and each lab received a bottle. the six products (see formulations in tab. 1) were tested neat, and three different incubation times were studied: 15, 30, and 60 min. Culture medium was used as negative control.
Cell viability: membrane integrity using the neutral red fluorometric assay Membrane integrity, correlated with cell viability, was evaluated using the neutral red dye (NR; Fluka, Buchs, Switzerland) following incubation with the different products. After removal of the products being tested, 200 µl per well of neutral red on the lens. After the soaking time of 96 h in lens care solution (Optifree, Alcon; Biotrue, Bausch-lomb; and Renu, Bauschlomb), the lens (Acuvue Advance, Johnson&Johnson or Proclear, Cooper Vision) was either placed directly in the center of a monolayer of human corneal epithelial cells (HCe cell line) in culture medium (based on 1994 FDA Premarket Notification 510(k) Guidance Document for Daily Wear Contact lens), or rinsed with NaCl 0.9% or controlled ionization marine solution-lacrymer ® (Yslab, Quimper, France) and exposed to these rinse solutions (100 ml) for 24 hours. the cells were exposed to the lens for 24 h at 37°C. Contact lenses directly removed from blisters were used as negative controls to assess the intrinsic cytotoxicity of contact lenses. Following exposure, the contact lens was taken out of the well and the cells were rinsed with phosphate buffer saline to remove detached cells. extreme care was taken to minimize the movement of the lens during handling to avoid physical trauma to the cells. then, a Mtt test was performed to evaluate cell enzymatic activity.
Assessment of mitochondrial succinate dehydrogenase activity using the MTT assay the assay is based on the reduction of the yellow tetrazolium salt Mtt to water-insoluble purple formazan salt by viable cells. Cells were incubated with a Mtt solution at 0.5 mg/ml for 3 h and rinsed with phosphate buffered saline. Formazan salt was solubilized in DMSO and absorbance detection (λabs = 540 nm) was undertaken with a microplate colorimeter (Safire, tecan, France).
Statistical analysis each concentration was tested in 6 wells and each test was performed independently in triplicate. Results were expressed solution at 0.05 g/l were added to living cells, and the microplate was incubated for 3 h at 37°C in a moist atmosphere with 5% CO2. the cells then were washed with PBS, and the dye was extracted from the viable cells with a solution of acetic acid-ethanol. the plate was agitated on a microplate shaker for 30 min. The neutral red fluorescence was then measured (λex 535 nm; λem 600 nm) in accordance with our validated protocol (Dutot et al., 2010; Rat et al., 1994) .
Assessment of metabolic activity using the Alamar Blue ® assay
Alamar Blue is an oxidation-reduction (redox) indicator that changes color from blue to red and fluoresces when it is reduced by cellular metabolic activity. It provides a rapid and sensitive method to evaluate cell viability (O'Brien et al., 2000; larson et al., 1997) and has been used to evaluate the relative ocular lens cytotoxicity of multipurpose contact lens solutions (Oriowo, 2006; Pham and Huff, 1999) . Alamar Blue (Sigma-Aldrich, Saint-Quentin Fallavier, France at 0.1 mg/ml (20 µl) was diluted in culture medium supplemented with 2.5% fetal bovine serum (200 µl). After removal of the products being tested, the cells then were incubated with Alamar Blue solution for 6 h at 37°C in a moist atmosphere with 5% CO2. The fluorescence then was measured (λex = 535 nm; λem = 600 nm) in accordance with our validated protocol (Dutot et al., 2008a; Perrot et al., 2003) .
Experimental procedures to study the efficacy of a contact lens rinse step A lens case, used for storage of contact lenses, contains 5 ml of lens care solution. Over 20 cycles of lens use, the lens will be exposed to a total of 100 ml of lens care solution. to substitute for 20 cycles, 100 ml was chosen. A soaking time of 96 h was chosen to reach a plateau level of total accumulation 
Discussion
In this study we performed a new protocol based on ISO 10993-5 standard in order to better evaluate ocular tolerance/ biohazard of lens care solutions. this new methodology has to fit the clinical use of these solutions better than the current ISO 10993-5 standard. the changes we propose to the ISO 10993-5 standard have been accepted by the French national organization for standardization (AFNOR) and are included in the NF S11-820 standard. Our study was conducted in two different laboratories.
ISO 10993-5 standard recommends the use of an established cell line for cytotoxicity studies and mentions the classical L929 cell line. L929 cells are fibroblasts of murine origin; as human epithelial cells are available in cell banks, we performed our studies on human ocular epithelial cells (WKD cell line, AtCC CCl-20.2), which have already been proposed for in vitro ocular toxicity studies (Brasnu et al., 2008) . ISO 10993-5 standard recommends dilutions series to evaluate solutions' cytotoxicity and it recommends incubating the cells with solutions for a minimum of 24 hours. Physiologically, multipurpose solutions, as well as eye drops, are in direct contact with the ocular surface cells for a short incubation time; therefore, we evaluated the cytotoxicity of neat multipurpose solutions after three short incubation times: 15, 30, and 60 minutes.
Our first goal was to set up a positive control. BAC was chosen and different concentrations and incubation times were evaluated. the 30-minute incubation time was the best time for observing mild cytotoxicity (around 30% and 60%) with the lower concentrations BAC 0.0005% and 0.001%. the two higher BAC concentrations (0.003 and 0.005%) are not suitable as positive cytotoxicity controls because the percentage of living cells is too low. The lowest concentration did not induce sufficient cell death after 30 minutes according to Alamar Blue results in lab 2; therefore, 30-minute incubation with BAC 0.001% appears to be the most relevant positive control for ocular cytotoxicity assays. Sodium laurylsulfate is proposed in ISO 10993-5 standard as positive control, but BAC IC50 is lower than sodium laurylsulfate IC50 (0.001% versus 0.0093%; Spielmann et al., 1991) , and BAC is already known to be toxic for the ocular surface (Debbasch et al., 2001; Grant et al., 1996; Green et al., 1987; Saarinen-Savolainen et al., 1998; takahashi, 1982; tripathi et al., 1992) . Besides, unlike sodium laurylsulfate, BAC is a chemical found in ophthalmic solutions. For all these reasons, BAC should be preferred over sodium laurylsulfate as positive control for the evaluation of ocular cytotoxicity, and short incubation times (less than 1 hour) should be preferred.
Our second goal was to study multipurpose solutions' cytotoxicity based on the settings of the first step, i.e., after short incubation times. Multipurpose solutions can be released from contact lenses and may cause damage to the ocular surface during lens wear (Powell et al., 2010) , so we chose to test neat multipurpose solutions to be closer to their use in practice. Using this approach it was possible to discriminate among multipurpose solutions; the ranking in term of cytotoxicity was the same in both labs. Here again, the 30-minute was found to be most suitable incubation as a percentage of the control (cells in culture medium). the mean values were analyzed by one-way ANOVA followed by Dunnett's test. The level of significance was fixed at 0.05%.
Results
Adjustment of concentration and incubation time for BAC as positive control
Neutral red results with BAC in the two labs were very similar (Fig. 1A,B) . Alamar blue results with BAC in the two labs also were very similar for the two lowest BAC concentrations but differed a little for the two highest BAC concentrations with higher levels of cytotoxicity found in lab 2 (Fig. 1C,D) .
For the two lowest concentrations, BAC 0.0005% and BAC 0.001%, the level of cytotoxicity depended on the incubation time. While the 15-minute incubation resulted in a low level of cytotoxicity of less than 30% for both concentrations detected in both assays, the 60-minute incubation resulted in up to 70% cytotoxicity in both neutral red and Alamar Blue assays. the higher concentrations of BAC, i.e., 0.003% and 0.005%, both induced around 80% cytotoxicity after 15, 30, or 60 minutes.
ISO 10993-5 standard adaptation to multipurpose solutions
Solutions A and F were not significantly cytotoxic at any tested time 15, 30, or 60 minutes (Fig. 2) .
Solution E was the only solution to cause a significant loss of cell viability after 15 minutes in both labs (37% and 69% of control according to neutral red assay in lab 1 and lab 2, respectively; 57% and 66% according to Alamar Blue assay in lab 1 and lab 2, respectively).
As seen in Figure 2A and B, solutions B, C, D, and e induced a large decrease in neutral red signal in both labs after 30 minutes (between 17% and 59% of negative control in lab 1 and between 26% and 74% of negative control in lab 2) and after 60 minutes. the neutral red test and the Alamar Blue test yielded similar results in both labs.
In ascending order of cytotoxicity, the ranking of the multipurpose solutions was as follows: A and F < C < B and D < e.
Efficacy of a contact lens rinse step with unpreserved solutions
Incubation of corneal cells with Acuvue Advance and Proclear contact lenses removed from blisters induced a significant decrease in cell activity to 71% and 83% of negative control respectively (Fig. 3A,B ). When either lens had been soaked in multipurpose solution e, cell enzymatic activity fell to 44 and 74% of negative control respectively, which was significantly less than contact lenses removed from blisters. When Proclear lens had been soaked in C, cell enzymatic activity fell significantly to 68%. When either Proclear or Acuvue Advance were rinsed with NaCl 0.9% or controlled ionization marine solution (lacrymer ® ), cell enzymatic activity significantly increased and was not different from negative control. solutions' cytotoxicity; excipients also can play a role. Attention should be paid to the formulation of these ophthalmic solutions because the concentration of active principle (mostly PHMB) often is modified by the manufacturer (for example PHMB in Boston Simplus was 0.0005% in 2011).
Solution e was the most cytotoxic multipurpose solution and the only one to contain quaternary ammonium (Polyquad ® ) as active principle. Yet this solution is among the best-selling multipurpose solutions in europe and America. Our results indicate that both silicone and silicone hydrogel lenses released solution e on corneal cells, thus increasing contact lens cytotoxicity. Corneal cells were used because contact lenses are put directly on the cornea in clinical practice. the cytotoxic effects induced by the contact lenses alone (71% of cell enzymatic activity after incubation of corneal cells with Acuvue Advance and 83% of cell enzymatic activity after Proclear) are time to discriminate multipurpose solutions. In ascending order of cytotoxicity, the ranking of the multipurpose solutions is: A and F (no cytotoxicity) < C < B and D < E. This classification is in accordance with their formulation (see tab. 1): Solution e, the only solution to contain quaternary ammonium, is the most cytotoxic solution; solutions A and F have the same manufacturer and seem to be the only safe solutions. Solution A was the multipurpose solution with the lowest PHMB concentration at the time of the study; that could explain the absence of adverse cellular effects. PHMB is present at the same concentration in solutions F and D, the latter being among the most cytotoxic solutions. Solution F also contains hydroxypropyl methylcellulose that could protect cells from PHMB cytotoxicity. Indeed, hydrogels already have been identified as ocular cytoprotective agents (Debbasch et al., 2002; Pauloin et al., 2008 Pauloin et al., , 2009 ). Besides, preservatives do not have sole responsibility for multipurpose significantly inferior to the cytotoxic effects induced by the multipurpose solutions alone. Consequently, the risk of contact lens intolerance among multipurpose solutions users may be due to the multipurpose solution more than to the lens material. A rinse step with unpreserved solutions (NaCl 0.9% or controlled ionization marine solution) induced a considerable gain in cell enzymatic activity.
Solution C differs from the other multipurpose solutions by the presence of an oxidant agent (oxychlorite) instead of a preservative. As it induced cell death as soon as 30 minutes, we also evaluated the benefits of a rinse step after use of this solution and observed that unpreserved saline solutions again avoided cytotoxicity. In each case, the controlled ionization controlled marine solution was more efficient than NaCl 0.9% to rinse contact lenses, which is in accordance with previous results (Dutot et al., 2010; Said et al., 2009 ). Oligoelements and ions are already known to exert beneficial ocular effects (Dutot et al., 2008b) .
Conclusion
Concerning the adaptation of ISO 10993-5 standard to multipurpose solutions, data obtained were similar in both laboratories. Globally, even if less cytotoxicity is observed with the Alamar Blue protocol, results are equivalent to neutral red results. therefore, both neutral red and Alamar Blue assays can be used for the evaluation of ocular medical devices. ISO 10993-5 standard has to be adapted to ocular devices: to run a discriminant analysis of ocular cytotoxicity, ophthalmic solutions such as multipurpose solutions should be evaluated neat and after a 30-minute incubation time on human ocular epithelial cells, using BAC 0.001% as positive control. This protocol, the first step of global risk analysis, provided a fast, cheap, and reproducible methodology, and it should be included in screening tests to define lens care solutions' biocompatibility. In addition, marketed multipurpose solutions that represent a risk for patients should be rinsed off contact lenses with unpreserved solutions after use.
